A model for fluctuating inflaton coupling: (s) neutrino induced adiabatic perturbations 

and non-thermal leptogenesis 



Anupam Mazumdar 
CHEP, McGill University, Montreal, QC, H3A 2T8, Canada. 

We discuss an unique possibility of generating adiabatic density perturbations and leptogenesis 
from the spatial fluctuations of the inflaton decay rate. The key assumption is that the initial 
isocurvature perturbations are created in the right handed sneutrino sector during inflation which is 
then converted into adiabatic perturbations when the inflaton decays. We discuss distinct imprints 
on the cosmic micro wave background radiation, which can distinguish non-thermal versus thermal 
leptogenesis. 
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Inflation is the main contender for explaining the ob- 
served adiabatic density perturbations with a nearly scale 
invariant spectrum [1]. However, recently various alter- 
native mechanisms for generating adiabatic density per- 
turbations have been discussed, particularly converting 
the isocurvature perturbations of some light field into 
the adiabatic perturbations in the post-inflationary Uni- 
verse [2-4] . Another interesting proposal is that the per- 
turbations could be generated from the fluctuations of 
the inflaton coupling to the Standard Model degrees of 
freedom [5,6]. It has been argued that the inflaton cou- 
pling strength to the ordinary matter, instead of being a 
constant, could depend on the vacuum expectation val- 
ues (VEV) of various fields in the theory. These fields 
are none other than the flat directions of the minimal 
supersymmetric standard model (MSSM). However the 
authors in [5] treated the flat directions without consid- 
ering the fact that the flat directions are lifted at a non- 
renormalizable level. In [7], the authors have demon- 
strated the importance of non-renormalizable potential 
terms for the flat directions, which leads to dramatic 
changes in the estimation of the amplitude of the den- 
sity perturbations in the original scheme. The amplitude 
of the perturbations dampens after the end of inflation, 
because the flat directions evolve after the end of infla- 
tion until the decay of the inflaton. The damping of the 
amplitude of the perturbations acts as a main challenge 
for realizing such a novel scheme (for a review on MSSM 
flat direction and cosmology, see [8]). 

The idea is that if the MSSM condensates (made up of 
squarks and sleptons) are light during inflation then their 
quantum fluctuations can give rise to spatial fluctuations 
in the inflaton coupling strength. When the inflaton de- 
cays, the adiabatic density perturbations are created be- 
cause the isocurvature perturbations generated by the 
flat direction during inflation is transferred to the adia- 
batic ones right at the time of decay. If the flat direction 
evaporates into baryons, it will give rise to the baryon 
isocurvature fluctuations, which can be constrained from 
cosmic microwave background radiation (CMB). 

A particularly interesting implementation of this sce- 
nario is to consider the right handed (s)neutrinos (super- 
symmetry guarantees the presence of the right handed 
sneutrino). If the right handed (s)neutrino is Majo- 



rana, then it provides a natural explaining for the ob- 
served small neutrino masses via see-saw mechanism, 
m„ (toq/A/jv) [9], where wid is the Dirac mass ob- 
tained from the Higgs VEV. 

The right handed (s)neutrino is also a source for L 
and/or B — L violation. Therefore it can be responsi- 
ble for the observed baryon asymmetry. Leptogenesis 
requires L or B — L violating interactions, C and CP 
asymmetry, and an out of equilibrium condition. The 
first two are well served by the right handed (s)neutrinos, 
and the last condition naturally arises in any inflationary 
cosmology. 

Now let us briefly discuss the status of inflation. Un- 
doubtfully, inflation is the most natural mechanism which 
makes the Universe homogeneous, flat, and isotropic. A 
single field slow roll inflation is also the most beautiful 
way of explaining adiabatic density perturbations. How- 
ever until now there is hardly any connection between the 
inflationary sector and the known particle physics sector. 
In most of the cases the inflaton is a gauge singlet, which 
leads to some degree of speculation on how the inflaton 
couples to the SM gauge particles ? what is the inflaton 
potential ?, etc. The coupling of the inflaton to the SM 
fields is essential if the inflationary paradigm wishes to 
make connection to the hot big bang cosmology. 

In this paper our aim is to present a simple toy model 
where we illustrate two important aspects. The first one 
is to consider that the sneutrino induced isocurvature 
fluctuations which can generate adiabatic perturbations 
through inflaton decay. Second, we will show that in a 
non-thermal leptogenesis scenario the produced baryon- 
isocurvature fluctuations can be testable from CMB. 

In this regard it is natural to come up with a sce- 
nario where the inflaton couples only through the right 
handed (s)neutrino sector. Note that the right handed 
(s)neutrino acts as a mediator which connects the two 
disparate sectors, e.g., the inflaton and the SM via lep- 
ton (sleptons) and Higgs (Higgsinos). Therefore such a 
model is not only economical in terms of achieving den- 
sity perturbations and lepton asymmetry, but also pro- 
viding us with the correct relativistic species required for 
the nucleosynthesis. 

For the purpose of illustration, let us consider a very 
simple toy model, 
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WD^NN + ftNHuL + ^MjvNN, (1) 

where $, N, L, and H, respectively stand for the in- 
flaton, the right handed neutrino, the lepton doublet, 
and the Higgs (which gives mass to the top quark) su- 
perfields. Also Mjv denotes right handed (s)neutrino 
masses, and g, h correspond to the Yukawas. Being a 
SM gauge singlet the inflaton can naturally couple to the 
right handed neutrino sector with a renormalizable and 
a non-renormalizable coupling 
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where we assume that the non-renormalizable scale is 
the Planck mass, M p = 2.4 x 10 18 GeV. For simplicity 
we have omitted all the indices in h matrix and super- 
fields, and we work on a basis where the Majorana mass 
matrix is diagonal. Further simplifications can be made 
for almost degenerate right handed (s)neutrinos where 
Mjy is essentially the same for all. It is also conceiv- 
able in this case that the inflaton is coupled with the 
same strength to three right handed (s)neutrinos with a 
mass hierarchy Mjv 3> tn^, where can be treated as 
the mass of the inflaton in the minimum of its potential. 
Note that this is just a working example of non-thermal 
leptogenesis. We will highlight why we stress upon non- 
thermal leptogenesis compared to thermal leptogenesis. 
More complicated scenarios on non-thermal leptogenesis 
can be constructed [10,11]. 

The inflaton sector is still unknown, except that it 
is responsible for driving inflation, which could be for 
e.g., brane driven inflation, fast rolling inflation, kinetic 
driven inflation, assisted inflation, false vacuum inflation, 
etc. We further assume that the inflaton decays pertur- 
batively. At this point one might suspect that the above 
coupling, g, in Eq. (1), would give rise to a large mass 
contribution to the sneutrino through the inflaton vev, 
and the sneutrino would simply roll down to the bottom 
of the potential. However note that the inflaton vev need 
not be always large in order to inflate, for instance in a 
false vacuum inflation the inflaton could be fairly close 
to the bottom of its own potential. Nevertheless, let us 
imagine that we are working in a regime where the cou- 
pling, g, is such that the effective mass for the sneutrino is 
less than the Hubble expansion, m e ff t $ < M e ff i n < H, 
where m e ff^ is the effective mass of inflaton during in- 
flation. We will comment on the situation when the sneu- 
trino masses are heavy compared to the Hubble expan- 
sion during inflation. From here onwards we remove the 
subscript, eff. 

An important point to note here is that during infla- 
tion the quantum fluctuations are created in the sneu- 
trino sector, and the perturbations in the inflaton sector 
is assumed to be negligible, therefore, the perturbations 
arises only from the known particle physics sneutrino 
sector. The perturbations on a comoving scale larger 
than the Hubble scale can be foliated in terms of the 



curvature perturbations on a finite energy density sur- 
face: ds 2 = a 2 (t) (1 + 2() dx l dxi , where £ is a metric 
perturbation written in a proper coordinate system. In 
presence of more than one scalar fields the total curva- 
ture perturbations £ evolves outside the horizon due to 
non- vanishing pressure perturbations [12]. 
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where p, P are the energy density and the pressure. For 
a single field inflation, ( = constant, but in a multi- 
field case SP is a non-zero quantity due to the entropy 
perturbations, which can be defined in our case as 
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Over-dot denotes differentiation w.r.t. coordinate time. 
Following our assumption the initial entropy perturba- 
tion becomes S , ~ 

<j>,N 

tions, we obtain 
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where * denotes when the interesting perturbations leave 
the horizon, k = a^H^. Note that the entropy perturba- 
tions feed the total curvature perturbations, therefore the 
entropy perturbations along with the individual pertur- 
bations, £~, evolve in time. Though we do not prove 
this here, but intuitively we can see that in order to ob- 
tain the adiabatic density perturbations, the total curva- 
ture perturbation must become constant outside the hori- 
zon at the time of inflaton decay, when (<p | decay ~ Cj^> 
and therefore, £, becomes constant on large scales. Thus 
converting its initial isocurvature fluctuations into the 
adiabatic ones. 

Note that besides the fluctuations in the sneutrino sec- 
tor, there will be fluctuations in the Higgses and the slep- 
tons also. However their perturbations will not account 
for the baryon isocurvature fluctuations in the above set 
up, for the time being we will neglect them. 

The spectral index for the perturbations can be written 

as 
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Therefore as long as the Hubble expansion is slowly vary- 
ing, and Mjy < H, we can obtain a scale invariant density 
perturbation. 

Now let us study the decay of the inflaton. The 
main decay mode of the inflaton is four-body final states 
consisting of two Higgs/Higgsino-lepton/slepton particles 
(and their CP transforms), this is due to the fact that 
the inflaton is decaying via off-shell (s)neutrino. The ef- 
fective superpotential after integrating out N, is given 

by 
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For simplicity we may consider a situation when the 
(s)neutrinos are almost degenerate, e.g. AMjy < Mjy, 
and the Yukawa texture is such that the diagonal entries 
(h) and off-diagonal entries (h') follow hi < h. 

There are total nine final states, seven of them con- 
sist of two fermions and two scalars, and there are also 
two final states consisting of four scalars. Summing up 
all the final states, the decay rate and the final reheat 
temperature are given by 
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However note that the reheat temperature obtains a spa- 
tial fluctuations due to Eq. (2), 
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The factor —1/3 arises because during the decay of the 
inflaton the average energy density goes as p ~ a~ 3 , see 
for details [5,7]. For the Gaussian perturbations, N » H, 
and following Eq. (5) we obtain the right amplitude for 
the density perturbations provided H* ~ 10~ 5 M P . Note 
that there is no damping in the sneutrino fluctuations 
after the end of inflation in this case. Further note that 
if N -C H, then the Gaussian amplitude of the perturba- 
tions will be damped [13], which we would like to avoid 
in this example. 

Let us now obtain the lepton asymmetry in this model. 
The CP asymmetry is obtained through the inference 
between the tree level and the one loop (vertex and self 
energy) corrected diagrams, Net CP asymmetry in the 
off-shell case is quite different compared to the on-shell 
leptogenesis [10]. The self energy correction comes out to 
be twice as much as the vertex correction for <C Mjy- 
Final CP asymmetry is then given by 
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where i,n, I — 1,2,3. The produced lepton asymmetry 
reads as 
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where Sh is nearly equal diagonal entries of the Yukawa 
matrix. For nearly degenerate case Sh/h ~ AM N /2M N . 

The total asymmetry in the baryons (after taking into 
account of the sphaleron effects) can be expressed as 
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where s = (2ir 2 /45)g*T R . Here n^/s denotes the dilution 
from reheating. By using the expression for the reheat 
temperature and m v ~ (h 2 {H®) 2 /Mn), we finally obtain 
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where we have considered m„ w 0.1 eV, and (H°) = 
174 GeV. If we demand degenerate light neutrino masses, 
then we can further simplify, Eq. (13), rye — 
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Some numerical examples for nearly degenerate heavy 
right handed (s)ncutrinos, with Mjq = lOm^, and 10 _1 < 
h'/h < 1, we obtain the desired baryon asymmetry for 
10~ 3 < g < 1 and 10 11 GeV < m < 10 13 GeV, 
which result in reheat temperature: 10 6 GeV < 7r < 
10 8 GeV. At this point one might worry upon the cou- 
pling strength, g, because the inflaton picks up an effec- 
tive mass term, g(N), which has to be smaller than the 
inflaton mass, m^, arising solely from the inflaton sector, 
in order to keep the successes of slow roll inflation. On 
the other hand in order to generate the Gaussian fluctu- 
ations, N > H* ~ 10~ 5 M P , see Eq. (9). This leads to 
g <C 1, however, an exact magnitude of g will depend on 
a particular inflationary model. Further note that the re- 
heat temperature is well below thermal and non-thermal 
gravitino over-production [14,15]. 

The most important point is to note that the baryon 
asymmetry is proportional to g, see our final result, 
Eq. (14). Therefore baryons also feel the spatial fluc- 
tuations. 
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The origin of —1/3 factor has the same origin as in 
Eq. (9). Note that the fluctuations in the baryon asym- 
metry is proportional to the fluctuations in the infla- 
ton coupling, and therefore fluctuations in the reheat 
temperature. This shows that the baryonic asymmetry 
does not follow honest to God the adiabatic density per- 
turbations, instead perturbation in baryons is correlated 
baryon-isocurvature in nature. 

The baryon-isocurvature fluctuation leaves its imprint 
on cosmic micro wave background radiation. More- 
over the fluctuations are correlated. The WMAP data 
provides mild constraint on the correlated-cold dark 
matter-isocurvature fluctuations [16], which can be trans- 
lated in terms of the baryon isocurvature fluctuations 
as \S B /(\ < 0.32(Q C dm/^b) - 1-85 at 95% confidence 
level, where Sb is the baryon-isocurvature fluctuations. 
In our toy model Sb = SriB/VB = STr /Tr . In particular 
C = -HSp/p = (l/4)5p 7 /p 7 = ST R /T K , where the sub- 
script 7 denotes radiation. Therefore we find \Sb/C\ = 1 



3 



in our case, which is well within the WMAP constraint 
on the baryon-isocurvature perturbations. 

We point out here that the above feature of correlated 
baryon-isocurvature perturbations is only present in a 
non-thermal case, this is the reason why we pursued on 
non-thermal leptogenesis. In non-thermal leptogenesis 
there is an explicit dependence on the reheat tempera- 
ture, see Eq. (12). This is indeed an interesting feature 
of a non-thermal leptogenesis which is absent in a thermal 
case. In a thermal leptogenesis the net asymmetry is pro- 
portional to a CP asymmetry and not to a temperature 1 . 
We find that the constraints on the baryon-isocurvature 
perturbations can act as a tool for differentiating thermal 
versus non-thermal leptogenesis mechanisms. 

Before we conclude our paper, we comment on cou- 
ple of interesting points. In an opposite limit when 
to^ > Mat, the inflaton decays via on-shell right handed 
(s)neutrino to the SM leptons and Higgs. This case 
is even better because during inflation the condition 
N 3> -ff* is satisfied even better, because the sneutrino is 
lighter, Mjv ^ -C H. However one has to ensure that 
a thermal regeneration of the baryon asymmetry is really 
small. Finally we comment on a heavy right handed neu- 
trino masses compared to the Hubble expansion, in this 
case the sneutrino perturbations will be \ 2 m nature, and 
usually the amplitude of the perturbations comes out to 
be small [13]. Nevertheless, they can also provide inter- 
esting imprints on CMB through the tilt in the spectral 
index. We leave this for future investigation. 

In fact we could also imagine perturbing the other 
Yukawa coupling, h, similar to Eq. (2), and the in- 
flaton mass due to the fluctuations in the sneutrino 
vev. By inspecting the reheat temperature, Eq. (8), and 
the baryon asymmetry, Eq. (12), we obtain <5Xr/Tr = 
— (2/3)(5h/h) — <5?7b/?7b, assuming that the fluctua- 
tions are arising only from the diagonal elements of the 
Yukawas. In this case the prediction on the baryon- 
isocurvature fluctuations remains, |<Sb/CI = 1- However 
the fluctuating inflaton mass gives rise to |Sb/CI = 1-4, 
which is still within the WMAP limit on |S B /CI < 1-85 @ 
95 % confidence level [16]. 

As a final remark, there could be other sources for 
the isocurvature perturbations during inflation, includ- 
ing the most competitive candidate "cold dark matter". 
However within supersymmetry excellent conditions arise 
naturally for their thermal production. 

To summarize our paper, we point out that any su- 
persymmetric leptogenesis scenario is a potential candi- 



1 In general thermal/non-thermal leptogenesis provides the 
net asymmetry as t)b/l ~ £cp x f(Td/M), where To is the 
temperature of the decaying particle, e.g. the right handed 
neutrino. In case of thermal leptogenesis Td ~ M, and there is 
no temperature dependence. However in a non-thermal case 
T d ^M. 



date for succeeding in generating the adiabatic density 
perturbations from the sneutrino fluctuations during in- 
flation and generating the baryon asymmetry. The na- 
ture of perturbations (Gaussian/non-Gaussian) certainly 
depends on the mass scales, e.g., for Mm <C if*, and 
N 3> the perturbations are Gaussian. This may not 
be the case if Mm — 3H during inflation, see [13]. Note 
that our model is economical because it achieves several 
goals at a time. Finally we have found a very important 
bench mark which can potentially differentiate thermal 
versus non-thermal leptogenesis from CMB. 
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